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Leiden, The Netherlands
The purpose of this study was to determine the accuracy of
imaging small coronary arteries with current radiographic
equipment. Phantom assessments were performed using a
phantom that comprises a large array of circular objects of
varying diameter and contrast density. More objects could
be Identified In the moving cinearteriogram than in single
cine frames. Using the largest object as the calibration
standard, diameters < 1 mm were markedly overestimated .
A simple morphometric method showed that arterio-
graphic visualization of small vessels was better by digital
The most direct approach to the assessment of small vessel
disease is visualization of these vessels by coronary arteri-
ography. Ideally, coronary arteriography would make it
possible to identify small coronary vessels at a size at which
they are not too numerous to be clearly separated, in other
words, a size beyond which their visualization may actually
hamper the interpretation of the coronary arteriogram . Prob-
ably the ideal lower limit of vessel diameter is approximately
100 Am. However, because of the limited resolving power of
radiographic systems, vessels having a diameter below a
certain limit cannot be visualized . Furthermore, in vessels
just above the detection threshold it is difficult, if not
impossible, to demonstrate abnormalities, particularly if the
disease affects the vessel wall in a diffuse rather than a focal
manner .
In one of the earliest reports on coronary ci,rarteriogra-
phy, Sones and Shirey (1) stated that "all branches of the
coronary artery tree should be visualized down to distal
radicals with a lumen diameter of 100 to 200 µm ." Even
today this standard of performance seems to be unrealistic,
but little has been published on the potential of current
equipment . The introduction of digital techniques in coro-
nary arteriography has made it possible to improve image
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processing than by cine recording. However, there was no
statistically significant difference in the average size of the
smallest identifiable vessel by either method (0 .5 versus
0.51 mm). After correcting for overestimation and the
inaccurate imaging of the smallest detectable vessels, the
practical arteriographic threshold is approximately 0 .5
mm. Parametric imaging holds promise, but its significance
for evaluating small vessel disease has yet to be determined .
(J Am Coll Cordial 1990,15 :784-9)
quality (for example, by subtraction techniques or enhance-
ment of vessel wall contours) . These techniques may im-
prove visualization of small arteries, but it has been hypoth-
esized that the resolving power of digital systems is limited
by the number of picture elements to such an extent (for
example, 1 .8 line pairs per mm if a 512 x 512 pixel matrix is
used) that this effect may outweigh the advantages . Digital
angiography also offers the potential to perform indirect
functional imaging by mathematical processing of the infor-
mation contained in the original images . This so-called
parametric imaging has mainly been used to determine the
functional significance of obstructions in the large epicardial
arteries (2-5), but it may also provide useful indirect infor-
mation relative to the small arteries of the heart .
In this review, we focus on the ability of current radio-
graphic equipment to demonstrate small vessels by cine
recording and digital acquisition . We also discuss the poten-
tial of parametric imaging in the assessment of small vessel
disease .
Methods
Radiographic system . A biplane system was used, con-
sisting of a Philips Poly Diagnost C and a lateral ARC stand,
each fitted with a 916 .5 in. (23117 cm) image intensifier
powered by an Optimus M200 tetrode generator . For coro-
nary arteriography and phantom measurements, the 6 .5 in .
field was used. In all cases, the pulse width was 5 ms . The
X-ray tube was a Super Rotalix Ceramic ; the 0 .8 mm spot
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size was used for all coronary arteriograms . A grid with R =
10, fo = 100 was used . Typical power settings are 70 kV and
600 mA. Cine recordings were made on 35 mm Kodak CFE
film processed in Kodak 496 developer to a gamma value of
1 .5. The cinearteriograms were analyzed with a Tage-Arno
35 mm cine viewer .
Digital images were processed by means of a Philips
Digital Cardiac Imaging (DCI-S) system equipped with a
digital disk for high frame rate acquisition (maximal 50
images/s) on a 512 x 512 matrix . Mild to moderate contour
enhancement was applied `by unsharp masking .
Phantom measurements. In lieu of the traditional line
pairs phantom, we used the Leeds phantom (6) for all tests .
This phantom comprises a large array of horizontally placed
circular objects of calibrated diameters varying from approx-
imately 0.25 to I I mm . For each diameter size, there is a
range of nine contrast densities . By determining the thresh-
old contrast for each diameter detail, it is possible to make a
quantitative assessment of overall image quality . To this
end, the number of detectable objects of each size is
counted . To assess whether the moving pictures of the
cinearteriogram contain more information than the single
frames, the Leeds phantom was filmed and the number of
recognizable objects was determined for both the moving
cinearteriogram and the single frames . For this analysis, a 15
cm object to input screen distance was chosen .
The following test was designed to determine the accu-
racy of measurements of small vessel calibers using a larger
object (in clinical practice, often the intravascular catheter)
as a scaling device. In the same cine frames as used in the
previous tests, all object diameters were measured with an
electronic caliper, using the object with the highest contrast
density for each size. The largest object was considered the
calibration standard for the other object diameters . The
measured and calibrated diameters of the other objects were
subsequently compared with their known true diameters . All
phantom assessments were performed independently by
three observers .
Measurements of coronary arteriogrants . In 20 patients,
simultaneous cine and digital coronary arteriograms were
made. From each coronary cinearteriogram one frame was
selected in which contrast filling was judged to be optimal,
and the corresponding digitally acquired picture was photo-
graphed from the television screen with use of high resolu-
tion color film . The cinearteriogram and digital picture were
projected in exactly the same manner on a matte white
screen with 25x linear magnification. Alternately the cine-
arteriogram or digital picture was projected first . The nuinz-
ber of vessels that could clearly he identified was counted
along four horizontal evenly spaced axes, encompassing the
central 3/5 portion of the picture (Fig . I). In addition, for
each picture, the diameter of the smallest size artery that
was clearly visible was measured with an electronic caliper,
using the catheter as the scaling device . All measurements
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Figure 1. Single frame of coronary cinearteriogram . For each franc ,~:,
the total number of vessels that could be identified to cross the axe,
was counted .
were independently made by two experienced angiogra-
phers .
Results
Phantom measurements, For each diameter size, consist-
ently more objects could be recognized in the moving
cinearteriogram than in the single cine frames (Table 1) . It,
no instance did an observer report better visualization in a
single cine frame .
Table 2 shows the relation between the measured (and
calibrated) object diameters and the true diameters for each
observer . The I1 .1 mm object was used for calibration .
Interobserver agreement was high for the larger objects, but
decreased with decreasing object size (p = 0 .02). The
relation between the average measurements by the three
observers and the true diameter is depicted in Figure 2 . All
diameter sizes were overestimated . From 2 .8 mm down-
ward, overestimation in absolute values was relatively con-
stant at approximately 0.30 mm (range 0 .19 to 0 .37) . How-
ever, the importance of overestimation relative to object 6ze
Table 1 . Number of Clearly Identifiable Objects when Evaluating
Single Cine Frames and Moving Cinearteriograms*
*Based on the average number for three observers for objects of !sel mm
diameter .
Object Diameter (mm)
9
1 .4 I 0.7 0J 0 .35 0.25
Single cine frame 3.3 3 .3 3 4 3 .3 2 4 3
1
Moving cinearteriogram 4.7 4 4 5 4 .7 2 .7 4
.3 3 .7 2
*The 11 .1 mm diameter object was chosen as the calibration standard .
VC = variation coefficient for the three observers ; it is negatively correlated
with object size (p = 0.02 ; r = -0.72) .
increased rapidly at diameters < I mm, as is clearly shown if
the values are plotted on a logarithmic scale (Fig . 3) .
Measurements of coronary arterlograms . Of the 20 se-
lected frame pairs, 1 l were of the left coronary artery and 9
were of the right coronary artery . All patients had significant
coronary artery obstruction .
In the digitally acquired pictures, significantly more ves-
sels were counted along the four axes than in the tine frames
(Fig. 4) . This was mainly due to the ability, with the digital
recordings to trace small vessels farther in a distal direction,
thereby crossing more axes .
Measurements of the diameters of the smallest vessels
that were clearly identifiable showed no significant differ-
ence between the two observers and, therefore, the data of
both observers were combined . Table 3 shows that there was
no significant difference between cinearteriograms and digi-
Figure 2. Results of phantom measurements
. Measured diameters
(in mm) are plotted against the known true diameters . The 11 .1 mm
object was chosen for calibration .
4.0
2 .5
016
w
m
0
1.0
a
0.6
0 .4
0
0.25 0.4
Q.
0.6 1
.0
1 .6
TRUE
2.5 4.0
.IACC Vol, 15, No. 4
March 15, 1990 ;784-9
6.3 10
Figure 3. The same data presented in Figure 2 plotted on a
logarithmic scale shows more clearly the relative overestimation of
small vessel diameters .
tal pictures. Standard deviation and standard error of the
mean were smaller for the digital pictures, probably because
the contour enhancement in the digital pictures made it
easier to identify the vessel wall borders .
Discussion
A radiographic system is a chain of components of which
the weakest link determines its strength-in this case, the
ability to visualize small vessels . Specifications for the
separate components in an optimal cineangiographic system
were defined in 1983 by a committee instituted by the
Inter-Society Commission for Heart Disease Resources (7) .
In the system we used, all of these requirements were met .
Furthermore, in modern high quality equipment, the constit-
uent components are carefully matched, avoiding both de-
grading by a single component and disproportionate perfor-
mance by another component . Therefore, we believed there
was little practical value in testing the separate components,
and evaluated the entire system comprising the generator,
roentgen tube, image intensifier, video system and digital
processor.
Moving versus single frame arteriogram . Traditionally,
line pair phantoms have been used to evaluate the perfor-
mance of radiographic systems . These phantoms undoubt-
edly have great merit, particularly for quality control, but for
our purpose the Leeds phantom was more suitable because
its physical characteristics more closely reflect the situation
encountered in coronary arteriography . Measurements with
this phantom showed that better diagnostic performance was
obtained
by evaluating the moving cinearteriogram than by
interpreting single cine frames
. Theoretically, this can easily
be explained by averaging and smoothing of quantum noise .
Although most experienced angiographers are well aware of
this phenomenon, it is almost completely neglected in stud-
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Table 2 . Measured Object Diameter (in mm) for the
10
Three Observers Versus True Diameter*
6.3
True
Diameter
(mm)
Measured Diameter (mm)
VC (%)
- -
Ob:,:rver 1 Observer 2 Observer 3
Mean
SD
8
7 .96 8 .10 8 .11 8.06 0.06
0
.7
5 .6 6 .02 5 .53
5
.59
5 .71 0 .18 3 .1
4 4 .13
4 .06 4
.23
4.14 0 .06 1 .4
2 .8 3
.26 3 .25 2 .82 3 .11 0 .17 5 .4
2
2.26 2 .49 2 .17 2 .31 0 .11 4 .8
1 .4 1 .58 1 .54 1 .65 1 .59 0 .04 2 .3
I 1 .33 1 .37 1 .10 1 .27 0.10 7.7
0 .7 1 .04 0 .96 0.95 0 .98 0 .03 3.3
0 .5 0.95 0 .88
0
.75
0 .86
0 .07
7
.9
0 .35 0.67 0
.79 0
.69
0 .72 0 .04 6.0
0.25 0 .50 0.62
0
.60 0
.57
0
.04 7
.5
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Figure 4 . Total number of vessels crossing the four axes shown in
Figure I for digital and cine recording . Significantly more vessels
were identified in the digital pictures .
ies related to quantitative coronary arteriography . We ob-
served the same phenomenon when looking for small vessels
in the cinet,.rteriogram, but because no measurements can be
made on the basis of the moving pictures, we are unable to
quantitate the additional diagnostic information .
Arteriographic detection of threshold of small vessels. The
smallest diameter in the phantom that could be clearly
identified was 0.35 mm . This is difficult to compare with the
arteriographic observations because objects having a diam-
eter <I mm were considerably overestimated . The degree of
overestimation would be less if the 2 mm object, which is
closer to actual catheter size, was chosen for calibration, but
the difference would be only 15% whereas overestimation of
the smallest objects was >50% . In a study designed to
compare 35 mm cine film and digital imaging for quantitative
coronary arteriography, Vogel et al . (8) also noted an over-
estimation of lumens with a diameter < 1 .0 mm, which was
present in both techniques . A good explanation for this
phenomenon is not easy to give . Probably, with decreasing
object size, increasing relative importance of the area of
unsharpness (blur) plays a role, but this cannot fully explain
the observed overestimation . If it is as :,umed that the same
degree of overestimation was present in the evaluation of the
coronary arteriograms, the true arteriographic detection
threshold would be approximately 0 .30 mm. However, it is
unlikely that in the area of marked overestimation, accurate
Table 3. Mean Diameter of the Smallest Distinguishable Vessels
The difference between digital and eine recording was not significant . No
correction is made for overestimation of true size
.
BRUSCHKE ET AL
.
	
787
ARTERIOGRAPHY OF SMALL CORONARY ARTERIES
morphologic assessment can be made and, therefore
. the
practical usable detection threshold is probably near 0 .5 mm .
Digital recording versus clue recording . Using a simple
morphometric method, we found a slightly higher resolution
by digital recording with contour enhancement than by cine
recording. In most cases, visual comparison already re-
vealed that a number of small vessels could be traced further
in the digital picture than in the cine frames . The main
determinant of this difference was the improved contrast
obtained by digital processing . Visualization of small vessels
is limited not only by a spatial factor, but also by the
decrease of contrast in relation to diameter size . In cine
recording, increasing film contrast might improve visualiza-
tion of small arteries in some areas of the myocardium, but
would inevitably lead to less overall performance-, good
coronary cinearteriography requires wide latitude and low
contrast films (7) . In any case our data clearly indicate that
the inherent limited resolving power of a 512 x 512 pixel
matrix is not a major limiting factor . These data are in
agreement with experiments by Vogel et al . (8), who con-
cluded that there was no spatial resolution advantage of film
over digital methods or of 1,024 x 1,024 images over 512 x
512 images .
The study of coronary blood flow and reserve . The coro-
nary arteriogram can be used not only to study morphology,
but also to obtain indirect information about coronary flow .
Digital techniques, using either digitized cine recording or
direct digital imaging, have made it possible to construct
time-density curves of contrast passage on a pixel to pixel
basis or of selected regions of interest . Several variables
have been derived from the time-density curves to serve as
indicators of roronar% flow . These include relatively easy to
obtain time variables (9), the appearance time-density ratio
(3,4, 10), the myocardial washout curve (I 1) and the area
under the contrast curve (12) . These methods do not allow
calculation of absolute blood flow, but in animal experiments
(12-l4), they have reliably reflected changes in flow . In
patients in our catheterization laboratory (15), we found a
good correlation between these methods and intracoronary
Doppler flow measurements, and others (11,16) have re-
ported a good agreement with radionuclide studies . This
makes parametric imaging methods particularly suitable to
determine coronary flow reserve, which is the ratio of
(pharmacologically induced) maximal coronary blood flow to
baseline or rest flow. Coronary flow reserve can also be
assessed by other methods but if the equipment is available,
the arteriographic assessment is relatively easy to perform in
the course of cardiac catheterization and coronary arteriog-
raphy and, in contrast to the often used thermodilution
method, provides regional as well as global information .
Demer et al. (2) pointed out that coronary flow reserve is
determined by two components, namely, stenosis flow re-
serve and myocardial perfusion reserve . In
the absence of
stenosis in the large epicardial coronary arteries, coronary
Cine (mm) Digital (mm)
Mean 0.5149 0 .4972
SD 0.0906 0.0689
SEE 0.0143 0 .0109
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flow reserve is mainly dependent on the distal vascular bed
that includes the small intramyocardial arteries . Therefore,
diseases that may affect the small arteries of the heart may
reduce coronary flow reserve
. This was found by Nitenberg
et at . in patients with primary scleroderma (17) and cardio-
myopathy (18) and by Canon et al . (19) and Shimamatzu et
al . (20) in patients with hypertrophic cardiomyopathy
. How-
ever, it is difficult to interpret a low coronary flow reserve
with regard to the presence of small vessel disease in an
individual patient . First, a very large range of normal values
has been reported, which is not surprising in view of the
complex mechanism that determine, respectively, autoregu-
lated and pressure-dependent coronary flow (21-23) . Sec-
ond, changes in left ventricular wall stress and geometry are
often present and may influence instantaneous and maximal
coronary flow (for example, by stretching the arterioles
during left ventricular dilation) .
A reduced coronarylnw reserve has also been found in
patients with chest pain and normal coronary arteriograms
(24,25). On the basis of a theoretic concept, Epstein and
Cannon (26) concluded that in these cases, "additional
attention should be focused on the small intramyocardial
pre-arteriolar vessels as a site that can limit blood flow and
thereby contribute to the precipitation of myocardial isch-
emia." However, Richardson et al . (27) obtained trans-
venous myocardial biopsy specimens from seven patients
with angina pectoris and normal coronary arteries and found
no evidence of small vessel disease . Furthermore, if a
substantial percent of these patients has small vessel dis-
ease, one would expect that this compromises their cardiac
prognosis, whereas Proudfit et al . (28) and Papanicalaou et
al . (29) found an excellent prognosis for surviva . A free-
dom from nonfatal infarction in long-term follow-up of large
numbers of patients with chest pain and a normal coronary
arteriogram. These apparent discrepancies require further
study .
Conclusions . With currently available radiographic
equipment, the diameter of the smallest vessels that can be
clearly identified is approximately 0 .5 mm . In this study, we
found somewhat better results by digital as compared with
cine recording, but further improvement of visualization of
small vessels cannot be expected from improved digital
processing only. Parametric imaging holds promise, but its
significance for the evaluation of small vessel disease re-
quires further study .
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